Abstract-The effects of mechanical factors on nuclear factor (NF)-B activation and its potential functional roles have been very little explored in the intact vessel. Thus, we chose to study the regulation of NF-B by intraluminal pressure using an organ culture model of mouse carotid arteries maintained at 80 or 150 mm Hg during 24 hours. Gel shift analysis revealed an increase in the DNA-binding capacity of NF-B in vessels at high pressure compared with vessels at normal pressure (304Ϯ49%; PϽ0.001). Key Words: mechanical stress Ⅲ stretch Ⅲ hypertension Ⅲ vascular remodeling Ⅲ apoptosis M echanical forces are important regulators of blood vessel structure and function. The degree of stretch imposed on vascular smooth muscle cells (VSMCs), of which blood pressure is the major determinant, plays a key role in governing vessel wall shape and composition, such that any chronic alteration in stretch instigates adaptive responses leading to vascular remodeling. This process occurs as vascular stretch, sensed by VSMCs via cell-surface receptors, and initiates multiple intracellular pathways leading to gene transcription. 1 There is strong evidence that the mitogen-activated protein kinases are activated in overstretched vessels and in hypertensive animals, 2,3 but these pathways may not account for all vascular changes observed in hypertension.
M echanical forces are important regulators of blood vessel structure and function. The degree of stretch imposed on vascular smooth muscle cells (VSMCs), of which blood pressure is the major determinant, plays a key role in governing vessel wall shape and composition, such that any chronic alteration in stretch instigates adaptive responses leading to vascular remodeling. This process occurs as vascular stretch, sensed by VSMCs via cell-surface receptors, and initiates multiple intracellular pathways leading to gene transcription. 1 There is strong evidence that the mitogen-activated protein kinases are activated in overstretched vessels and in hypertensive animals, 2,3 but these pathways may not account for all vascular changes observed in hypertension.
Several reports indicate that the transcription factor nuclear factor (NF)-B, which resides inactive and bound to the inhibitory protein IB in the cytoplasm, is activated in vessels of hypertensive animals. 4 -10 Because most of these in vivo studies were carried out in animals made hypertensive by treatments bringing about high circulating levels of angiotensin II (Ang II), it is not known whether vascular NF-B activation was attributable to the direct effect of elevated intraluminal pressure or resulted from the effect of Ang II. A direct pressure-dependent activation of NF-B has been previously suggested by a study showing that cyclic stretch activates NF-B in human coronary VSMCs in culture. 11 However, the phenotype of VSMCs in culture is profoundly altered and differs markedly from that in vivo. 12 The aim of the present study was therefore to investigate the effect of pressure on vascular NF-B activation by using an organ culture model that reproduces in vivo mechanical conditions of hypertension and maintains VSMC phenotype. 13 We also investigated downstream effects of stretch-induced NF-B on cell survival.
Materials and Methods

Organ Culture
Male C57BL/6 mice between 8 and 10 weeks of age were euthanized by a lethal injection of sodium pentobarbital (50 mg/kg IP). Left and right carotid arteries were isolated, cannulated at both extremities, and immersed in an organ culture bath filled with DMEM (GIBCO BRL) containing antibiotics (100 UI/L penicillin, 100 mg/L streptomycin, and 10 g/L fungizone) and supplemented with 5% FCS (Boehringer-Mannheim). Each arterial segment was connected to a closed-perfusion circuit described previously, 14 consisting of a 3-port reservoir, a peristaltic pump (Alitea), and a pressure chamber allowing for the application of a controlled intraluminal hydrostatic pressure. Vessels were perfused from the proximal to the distal end at a flow set to renew the medium within the intraluminal space while creating minimal shear forces (0.5 dyne/cm 2 ). Organ culture of the carotid segments was carried out under sterile conditions in an incubator containing 5% CO 2 at 37°C.
Arterial segments were kept for 1 hour at an intraluminal pressure of 80 mm Hg for stabilization after surgery. Thereafter, the pressure was maintained at 80 mm Hg or reset to 150 mm Hg (corresponding to a 23% increase in vessel diameter) for 15 minutes to 24 hours. Some segments were treated with an NF-B inhibitor peptide (AAVALLPAVLLALLP-VQRKRQKLMP, 50 g/mL, Upstate Biotechnology) that binds the nuclear localization sequence on NF-B and prevents its nuclear translocation. The inhibitor was added to the culture medium at the onset of the equilibration period. After organ culture, the arterial segments were removed from the organ culture bath and processed as described below.
Electrophoretic Mobility Shift Assay
Vessel segments were ground in ice-cold lysis buffer A containing 20 mmol/L HEPES (pH 7.9), 10 mmol/L KCl, 1 mmol/L EDTA, 0.2% NP-40, and 10% glycerol and protease inhibitors. Samples were centrifuged, and the nuclear pellets were extracted in 40 L of buffer B containing 20 mmol/L HEPES (pH 7.9), 10 mmol/L KCl, 1 mmol/L EDTA, 0.35 mmol/L NaCl, and 10% glycerol and protease inhibitor.
A double-stranded oligonucleotide containing the consensus sequence AGTTGAGGGGACTTTCCCAGGC (Invitrogen Life Technologies) was end-labeled using [␥-
32 P] ATP and T4 polynucleotide kinase (New England BioLabs). Probes were purified using centristep spin columns (QIAquick Nucleotide Removal Kit, Qiagen). DNA binding reactions were performed using 1 g protein and labeled oligonucleotide in the presence of incubation buffer (10 mmol/L HEPES [pH 8], 100 mol/L EDTA, 0.05 mol/L NaCl, 0.05 mol/L KCl, 5 mmol/L MgCl 2 , 4 mmol/L spermidine, 2 mmol/L DTT, 0.1 mg/mL BSA, 5% glycerol, 8% Ficoll-400, and 1 g/L DidC) for 30 minutes on ice. Protein-DNA complexes were resolved in 6% acrylamide gels.
Western Blot
Vessel segments were ground in ice-cold lysis buffer containing 20 mmol/L Tris-HCl (pH 7.5), 5 mmol/L EGTA, 150 mmol/L NaCl, 20 mmol/L glycerophosphate, 10 mmol/L NaF, 1 mmol/L sodium orthovanadate, 1% Triton X-100, and 0.1% Tween 20 and protease inhibitors (Boehringer Mannheim). Detergent-soluble fractions were retained, and protein concentrations in samples were equalized using a Bradford protein assay (Bio-Rad). For Western blot analysis, lysates containing 10 g of protein were electrophoresed on polyacrylamide gels and transferred to nitrocellulose membranes (Amersham ECL). Membranes were incubated with anti-IB␣ or anti-IB␤ polyclonal antibodies (Santa Cruz) overnight at 4°C. A polyclonal anti-actin antibody (Santa Cruz) was used to reprobe blots to confirm equal loading in lanes. For immunoprecipitation experiments, 30 g of protein was incubated overnight at 4°C with 25 L anti-phospho serine 536 NF-B p65 antibody (Cell Signaling Technology) cross-linked to protein A-Sepharose (Amersham). Immunoprecipitated proteins were resolved as described above and blots incubated with anti-NF-B p65 (Santa Cruz). An enhanced chemiluminescence system was used as the detection method (ECLϩ, Amersham).
Immunohistochemical Analysis
Arterial segments were embedded vertically in Tissu-tek (Sakura), and serial 15-m sections were cut. DNA cleavage, a characteristic of apoptosis, was detected by the TUNEL method (TdT-mediated dUTP nick-end labeling) with ApopDetek kits (Enzo Diagnostic) according to the manufacturer's instructions. Briefly, vessels sections were permeabilized and incubated with a TUNEL reaction mixture containing biotinylated-dUTP and TdT. After washing, slides were incubated with a mix of streptavidin, biotin, and peroxidase, and peroxidase was revealed by 3-amino-9-ethylcarbazol.
Caspases were detected using a polyclonal anticleaved caspase-3 antibody (Cell Signaling Technology) or a polyclonal caspase-3 antibody (Santa Cruz). Immunostains were visualized with the use of avidin-biotin horseradish peroxidase visualization systems (Vectastain ABC kit, Vector Laboratories).
Statistics
Data are presented as meanϮSEM. A one-way ANOVA was constructed with data from Western blots and electrophoretic mobility shift assays, obtained by band density analysis using Image Gauge software (Fuji). Comparisons between segments originating from the same animal were performed by Student's paired t test. A value of PϽ0.05 was considered statistically significant.
Results
Pressure Induces Degradation of IB␣ but not IB␤
One of the key steps in the activation of the NF-B pathway involves its translocation to the nucleus. In resting cells, NF-B is bound in the cytoplasm by its inhibitor IB, which masks the nuclear localization sequence on the transcription factor. Release and translocation of NF-B first require phosphorylation and subsequent degradation of its inhibitor IB. 15 Thus, IB degradation is a marker of NF-B pathway activation.
We evaluated the protein levels of two common IB isoforms, IB␣ and IB␤, in vessels maintained 24 hours in organ culture at 80 or 150 mm Hg. In arteries at high pressure, levels of IB␣ were considerably reduced (52Ϯ7%; PϽ0.001) compared with levels found in vessels kept at physiological pressure (100%) ( Figure 1A ). This coincided with translocation of NF-B from the cytoplasm to the nucleus, illustrated in Figure 1B , by increased protein content of the transcription factor in nuclear extracts from arteries at 150 mm Hg, as opposed to arteries at 80 mm Hg, whose NF-B content was detected almost exclusively in the cytoplasmic extracts. In comparison, we observed no significant differences in protein levels of IB␤ between vessels maintained at normal and at high pressure ( Figure 1A) . It therefore appears that long-term regulation of vascular NF-B activity by intraluminal pressure is predominantly attributable to decreased IB␣ levels.
Increased Phosphorylation and DNA Binding Capacity of NF-B in Vessels at High Pressure
Degradation of IB␣ is sufficient to cause translocation of NF-B into the nucleus, but phosphorylation of NF-B can also influence its transcriptional activity. Our data ( Figure  2A) show that phosphorylation of serine 536 on the p65 subunit of NF-B was induced in arteries at an intraluminal pressure of 150 mm Hg, compared with 80 mm Hg, by 320Ϯ74% (PϽ0.001).
Furthermore, using electrophoretic mobility shift assay, we investigated the capacity of proteins from vessel nuclear extracts to interact with oligonucleotides containing a consensus binding sequence for NF-B. We found that after 24 hours of organ culture at 150 mm Hg, the DNA-binding capacity of NF-B from arterial extracts was significantly increased (304Ϯ49%; PϽ0.001) compared with extracts from vessels at 80 mm Hg (100%) ( Figure 2B ).
Kinetics of NF-B Activation
Most known inducers of NF-B cause rapid activation of the pathway in vitro. To verify whether the same holds true in whole vessels, a time course for pressure-induced NF-B was established. After a 1-hour equilibration period at 80 mm Hg, vessel intraluminal pressure was maintained at 80 mm Hg or raised to 150 mm Hg for 15 minutes to 6 hours. High intraluminal pressure resulted in rapid degradation of IB␣, apparent within 15 minutes. Thereafter, IB␣ levels rose, returning to control level at 1 hour before dropping again from 3 hours on ( Figure 3A) . In parallel, phosphorylation of NF-B p65 on serine 536 peaked at 15 and 30 minutes after high-pressure onset, reaching levels equivalent to that observed at 24 hours (329Ϯ49% [PϽ0.01] and 315Ϯ71% [PϽ0.05], respectively). NF-B phosphorylation abated at 1 hour but increased again subsequently ( Figure 3B ). Neither IB␣ levels nor p65 phosphorylation was modified over the 6-hour time course in vessels maintained at 80 mm Hg (data not shown). These results indicate that NF-B pathway induction is biphasic, characterized by a brief rapid peak terminating within 1 hour and a second more prolonged activation lasting at least 24 hours.
Functional Role of NF-B Activation
To assess the functional role of NF-B activation, carotid arteries were cultured with or without an inhibitor peptide that binds to the nuclear localization sequence of NF-B, preventing its translocation to the nucleus. TUNEL staining was used to reveal apoptotic nuclei in histological sections of vessels. No staining was detected in untreated vessels, independently of the intraluminal pressure at which they were kept (Figure 4) . However, in arteries treated with the NF-B inhibitor, we observed a significant level of TUNEL-positive staining; apoptosis was detected in 5Ϯ1% cells from vessels at 80 mm Hg (PϽ0.001 compared with untreated arteries) and rose to 14Ϯ2% cells in vessels at 150 mm Hg (PϽ0.001 compared with untreated arteries, PϽ0.001 compared with arteries at 80 mm Hg with NF-B inhibitor) (Figure 4 ). Both endothelial cells and VSMCs showed signs of apoptosis at either pressure level (Figure 4 ). To confirm these findings, we performed immunohistochemical analysis to detect cleaved caspase 3, the active form of the proapoptotic enzyme caspase 3, in vessels treated with or without the NF-B inhibitor peptide. In parallel with observations made in the TUNEL assay, there was no visible cleaved caspase 3 staining in untreated arteries, but staining was positive and pressure dependent in NF-B inhibitor peptide-treated vessels, being moderate at 80 mm Hg and more pronounced at 150 mm Hg ( Figure 5 ). Staining for the uncleaved form of caspase 3 was equivalent for all vessels regardless of intraluminal pressure level or inhibitor peptide treatment (online Figure 1 , available at http://www.circresaha.org). Hence, NF-B seems to be a protective factor for vascular cells both in physiological conditions and, even more markedly so, under conditions of high intraluminal pressure.
Discussion
The present study reveals that vessel overstretch induces NF-B activation. Indeed, imposing a high intraluminal pressure (150 mm Hg) in carotid artery segments was associated with IB␣ degradation and nuclear translocation of NF-B, characterized by a rise in the DNA-binding capacity of the transcription factor. Furthermore, we show that NF-B is essential to cell survival in conditions of normal pressure and even more so in vessels at high intraluminal pressure.
Multiple stimuli are known to activate NF-B in the context of inflammation or apoptosis, such as cytokines, radical oxygen species, and vasoactive agonists. In comparison, little is known about the activation of NF-B induced by mechanical stress, and most studies concern shear-induced rather than stretch-induced activation of NF-B. Neverthe- less, recent reports indicate that pulsatile stretch can activate NF-B both in VSMCs 11, 16 and in endothelial cells. 17, 18 The present study differs from those reports in two crucial aspects. First, unlike our model consisting of whole vessel preparations, all previous works deal with cultured cells. Yet studying signal transduction of stretch in the whole vessel is particularly relevant because extracellular matrix composition is a key determinant of cell response 1, 19, 20 and vascular cell phenotype, particularly differentiation state, is likely to influence cellular signaling and transcription factor activity. 21, 22 Second, this is the first report of NF-B activation by mechanical stimuli that reproduces in vivo hypertensive conditions (steady elevated intraluminal pressure rather than cyclic stretch).
Vascular cell NF-B activity has been shown to be increased in animal models of hypertension, induced by Ang II infusion, N G -nitro-L-arginine administration, deoxycorticosterone acetate salt treatment, or human renin and angiotensinogen expression or in cells from spontaneously hypertensive rats. 4 -10,23 However, these models used are characterized by high circulating levels of Ang II, itself a known activator of NF-B, which could disguise a potential effect of pressure alone. This concept was in fact verified in Ang II-treated rats, where NF-B activity was found to be equally high in the presence or absence of pressure-regulating cotreatment with hydralazine. 5 Our results are thus unique because they demonstrate the effect of steady elevated pressure on the activation of NF-B in isolated arteries, having differentiated cells in their native multicellular and matrix environment, and independent of external hormonal influences. A role for Ang II in the activation of NF-B at 24 hours in our model remains possible, because high intraluminal pressure induces tissular release of Ang II in cultured arteries, 24 but it is unlikely to contribute in the early onset of NF-B activation observed at 15 and 30 minutes.
In resting cells, NF-B is sequestered in the cytoplasm in an inactive complex bound to an inhibitor protein, IB. Degradation of IB allows translocation of NF-B to the nucleus, where it is active. All known inducers of NF-B cause degradation of IB␣, but in some cell types only a restricted number of inducers affect IB␤. 25 Furthermore, rapid and transient inducers of NF-B tend to induce IB␣, consistent with our observations in acute experiments, whereas persistent activators of NF-B induce both types. 26 Activation of the NF-B pathway by cyclic mechanical strain in cardiomyocytes was shown to be inhibited by a dominantnegative mutant of IB␣, but the eventual role of IB␤ was not explored. 27 In the present study, we found that in vascular cells, 24-hour steady stretch-induced NF-B activation coincided with degradation of IB␣ but not IB␤. Clearly, this was sufficient to release NF-B from inhibitory constraint and allow its translocation from the cytoplasm to the nucleus. To our knowledge, this is the first report showing differential regulation of these IB isoforms by stretch in vascular cells.
Translocation of NF-B is a recognized step leading to its transcriptional activity, but phosphorylation of NF-B may also regulate this factor. Indeed, there are several reports of NF-B being phosphorylated in response to activating stimuli, 15 and this course of action seems to increase the transcriptional activity of NF-B by strengthening its interaction with the transcriptional coactivator CBP/p300 in the nucleus. 28 In cultured vessels, we detected a pressure-dependent increase in the phosphorylation levels of the p65 subunit of NF-B, both in the early phase of activation and in long-term experiments. These results therefore identify an additional process whereby stretch induces the NF-B pathway in vascular cells.
NF-B induces the transcription of a large range of genes implicated in inflammation but also genes related to apoptosis repression. Activation of NF-B/Rel has been demonstrated to block apoptosis induced by cytokines, cytotoxic drugs, and radiation in different cell types both in vitro and in vivo. 29 We found that in arteries treated with a peptide inhibitor of NF-B, the rate of apoptosis rose from 5% at 80 mm Hg to 14% at 150 mm Hg. Concurrently, we found that immunostaining for active caspase 3 was positive in vessels treated with the inhibitor but negative in untreated segments. Thus, it seems that NF-B plays a fundamental role in protecting VSMCs against apoptosis both in physiological conditions and in conditions of exaggerated vessel stretch and that this protective pathway is associated with caspase 3 inhibition.
Interestingly, in hypertension, the vascular wall remodels to adapt to the mechanical environment of elevated tensile stress. VSMCs undergo hypertrophy and hyperplasia and synthesize key extracellular matrix proteins to increase wall thickness and normalize this stress. 1 In this context, NF-B activation might be a protective mechanism that sustains VSMCs so that they may participate in the remodeling process.
In summary, this work shows that high pressure is able to activate the NF-B pathway by degrading IB␣ proteins, allowing for the nuclear translocation of NF-B as well as inducing phosphorylation of the p65 subunit of the transcription factor. Pressure-induced activation of NF-B may play a major role in vascular remodeling induced by hypertension that is basically aimed at adapting the vascular wall to altered mechanical stresses.
